Few studies have evaluated whether a single blood hormone measurement, as is available in most epidemiologic studies, sufficiently characterizes a premenopausal woman's longterm hormone levels; there is particular concern whether sex steroid hormones, which fluctuate during the menstrual cycle, are reliable. We conducted a prospective study within the Nurses' Health Study II to examine the reproducibility of plasma estrogens, androgens, progesterone, prolactin, sex hormone binding globulin, insulin-like growth factor -I (IGF-I), and IGF binding protein -3 (IGFBP-3). One blood sample per year over 3 years was collected from 113 premenopausal women during both the follicular and luteal phases of the menstrual cycle. We calculated intraclass correlation coefficients (ICC) across the three samples for all women. Among estrogens, ICCs ranged from 0.38 (estradiol) to 0.60 (estrone sulfate) in the follicular phase and from 0.44 (estrone) to 0.69 (estrone sulfate) in the luteal phase. Among androgens, ICCs ranged from 0.58 (androstenedione) to 0.94 [dehydroepiandrostenedione sulfate (DHEAS)] in the follicular phase and from 0.56 (testosterone) to 0.81 (DHEAS) in the luteal phase. When values were averaged across the follicular and luteal phases, the ICC for prolactin was 0.64 whereas ICCs for IGF-I and IGFBP-3 were 0.86 and 0.82, respectively. The ICC for progesterone in the luteal phase was only 0.29. These data suggest that for androgens, estrone sulfate, prolactin, IGF-I, and IGFBP-3, a single measurement can reliably categorize average levels over at least a 3-year period in premenopausal women. For estrone and estradiol, where ICCs were relatively low, it is important to use reproducibility data such as those to correct for measurement error in epidemiologic studies. (Cancer Epidemiol Biomarkers Prev 2006;15(5):972 -8)
Introduction
Endogenous hormone concentrations are strongly associated with breast cancer (1), endometrial cancer (2) , and osteoporosis risk (3, 4) among postmenopausal women; however, investigation of the associations among premenopausal women has been limited (5) (6) (7) (8) (9) (10) . In part, this is due to the concern that given the fluctuations in plasma hormone levels during the menstrual cycle, a single blood measurement (such as is available in most epidemiologic studies) is not a sufficient indicator of long-term levels-the exposure generally being of greatest interest.
Previously, we assessed the reproducibility of plasma estradiol, estrone, estrone sulfate, and progesterone among 87 premenopausal women over a 1-year period (11) . However, evaluation of the reproducibility of these and additional hormones over a longer period of time has not been undertaken. Therefore, we conducted a prospective study within the Nurses' Health Study II to examine the reproducibility of plasma estradiol, free estradiol, estrone, estrone sulfate, androstenedione, testosterone, dehydroepiandrostenedione (DHEA), dehydroepiandrostenedione sulfate (DHEAS), progesterone, sex hormone binding globulin (SHBG), prolac-tin, insulin-like growth factor -I (IGF-I), free IGF-I, and IGF binding protein -3 (IGFBP-3)-endogenous factors that may be related to chronic disease risk-in both the follicular and luteal phases of the menstrual cycle among 113 premenopausal women over a 2-to 3-year period.
Materials and Methods
Study Population. The Nurses' Health Study II was established in 1989 when 116,671 female registered nurses, 25 to 42 years of age, completed and returned a mailed questionnaire. The cohort continues to be followed every 2 years by questionnaire to update exposure status and to identify cases of newly diagnosed disease. The Nurses' Health Study II blood cohort includes 29,611 women who contributed blood samples from 1996 to 1999; for 19,092 women, the collected samples were timed within the menstrual cycle.
Each blood collection kit contained all of the supplies needed to have blood samples drawn by a local laboratory or a colleague (e.g., needle, tourniquet, and blood collection tubes with sodium heparin). Premenopausal participants were asked to have their first blood sample drawn on the 3rd, 4th, or 5th day of their menstrual cycle (''follicular'' blood draw) and to have the second blood sample drawn 7 to 9 days before the anticipated start of their next cycle (''luteal'' blood draw). Timing of the luteal sample from the estimated first day of the next menstrual cycle is generally more accurate than counting forward from day 1 of the current cycle because the length of the follicular phase is more variable than the length of the luteal phase (12, 13) . Participants placed their follicular blood samples in a refrigerator for 8 to 24 hours after it was drawn; they then aliquoted the plasma into cryotubes. The plasma was kept in the participant's home freezer until the second (luteal) blood collection. Then the woman arranged to have both samples shipped, via overnight courier and with an ice pack, to our laboratory; on arrival, the luteal whole blood sample was processed and aliquoted into labeled cryotubes. All samples have been stored in the vapor phase of continuously monitored liquid nitrogen freezers since collection.
We previously reported that plasma hormones remained stable when collected in the manner used for the luteal phase samples (14, 15) . We additionally conducted a pilot study to determine if hormone levels remained stable with our follicular phase processing method. Two tubes of blood were collected in the follicular phase from each of 16 premenopausal women. One tube was processed and frozen immediately and the second was treated identically to the processing method described above. Estradiol, free and bioavailable estradiol, estrone, and testosterone were assayed on all samples. For all hormones, the mean and SD for each of the processing methods were almost identical and, with the exception of estrone, the ICC ranged from 0.93 to 0.98. For estrone, the ICC was 0.8, due primarily to a single replicate (values of 48 and 70 pg/mL); without this replicate, the ICC was 0.87.
Among blood study participants, invitation to participate in the ''hormone stability study'' was extended to a random sample of responders who were premenopausal, not using exogenous hormones (e.g., oral contraceptives), and who were not currently nor planning to be pregnant or lactating. Second and third blood collection kits were mailed to women who returned the first kit without reminding (i.e., excellent responders) and remained eligible to participate. Of the 412 invited women, 74% (n = 304) provided a second set of samples and, of these, 236 (57%) sent a third set. These 236 women did not significantly differ by age, race, parity, body mass index, or cigarette use from the 412 who received the initial invitation (data not shown). Overall, six blood samples-a follicular and a luteal in each of the three sets-were collected from each of 236 women over the 3-year period.
For each menstrual cycle sampled, a questionnaire was sent with the blood collection kit on which to record the first day of the menstrual cycle during which the blood samples were drawn and the dates of both blood draws. Details on the number of hours since last food intake before the two blood draws, time of day and month of blood collection, and the participant's current weight, menstrual cycle length, exercise frequency, and smoking status were also collected. Finally, a postcard on which to record the first day of the next menstrual cycle was provided; all but one postcard (99.7%) was returned.
For these analyses, based on a desired final sample size of 100 women and given the estimated proportion of women who would be found to have had anovulatory cycles and limiting to women whose luteal phase samples were each collected between 3 and 11 days before the start of her next menstrual period, blood samples collected from a total of 113 women were selected for hormone and SHBG level analysis. For financial reasons and to decrease plasma use, follicular samples from only 50% of the women were submitted for assays where the correlation across the menstrual cycle was expected to be relatively high (i.e., free estradiol, DHEA, DHEAS, IGF-I, free IGF-I, and IGFBP-3).
The study was approved by the Committee on the Use of Human Subjects in Research at the Brigham and Women's Hospital.
Laboratory Methods. Assays were conducted by three different laboratories. Estradiol, free estradiol, estrone, estrone sulfate, progesterone, androstenedione, testosterone, dehy-droepiandrosterone, and dehydroepiandrosterone sulfate were assayed at Quest Diagnostics-Nichols Institute (San Juan Capistrano, CA). SHBG and prolactin were assayed by Dr. P. Sluss at the Reproductive Endocrinology Unit Laboratory of the Massachusetts General Hospital (Boston, MA). IGF-I, free IGF-I, and IGFBP-3 were assayed by Dr. M. Pollak at McGill University (Quebec, Canada).
Hormone and growth factor assay methods have previously been described in detail (15) (16) (17) . In brief, samples were extracted with hexane-ethyl acetate, the steroids were eluted from celite columns, and the fractions were then assayed by radioimmunossay (18) (19) (20) (21) (22) . DHEAS was assayed by radioimmunossay without a prior separation step (23) . After extraction of estrone, estrone sulfate was assayed by radioimmunossay of estrone, after enzyme hydrolysis, organic extraction, and separation by column chromatography (24) . Prolactin levels were assayed using the AxSYM Immunoassay system (Abbott Diagnostics, Chicago, IL). IGF-I and IGFBP-3 levels were assayed by ELISA with reagents from Diagnostic Systems Laboratory (Webster, TX).
All of the follicular and luteal samples from a single woman were assayed together; the samples were ordered randomly and labeled so that the laboratory could not identify samples from the same woman. To assess laboratory precision, quality control replicates of 10% of all samples assayed were randomly interspersed and labeled to preclude their identification. Overall, with the exception of progesterone, withinbatch laboratory coefficients of variation for the assays ranged from 4% for IGF-I to 14% for estrone sulfate. Progesterone had a coefficient of variation of 40% due primarily to a single outlier among 53 samples tested; when this value was excluded, the coefficient of variation was 14%.
Statistical Analyses. We used the extreme studentized deviate many-outlier procedure (25, 26) to assess for outliers in each set of laboratory results. This resulted in the removal of 5 estradiol, 1 free estradiol, 5 estrone, 10 estrone sulfate, 1 androstenedione, 2 DHEA, 3 testosterone, 12 prolactin, 1 SHBG, and 1 IGFBP-3 values from among the 678 possible values per hormone (113 women Â 2 blood samples Â 3 time periods). The final number of samples available for each phase of the menstrual cycle within each collection is provided in Table 1 .
The natural logarithm of the plasma hormone and growth factor values were used in analyses because the transformed values were more normally distributed. Between-person and within-person variances were estimated from the three sets of hormone measurements by random effect models, as implemented by SAS statistical software (SAS Institute, Cary, NC). To assess reproducibility across the three samples for all women combined, we calculated intraclass correlation coefficients (ICC) by dividing the between-person variance by the sum of the between-person and within-person variances (27) . Ninety-five percent confidence intervals were calculated for the ICCs (28) . Spearman correlations were calculated to evaluate the correlation both between hormones and between the follicular and luteal phases within individual hormones (27) .
To assess the utility of a single hormone measurement to correctly classify longer term hormone levels into quartile categories, we compared quartiles of hormone levels (as measured by the first blood sample) to quartiles as defined by the mean of the second and third blood samples. Quartile cut points were defined separately and thus were not necessarily the same. from 34 to 49 years, with a mean age of 41 years. Weight ranged from 90 to 255 pounds and the mean body mass index was 24.5 kg/m 2 . Fifty-eight percent of follicular samples and 68% of luteal samples were drawn at least 8 hours since the woman's last meal. Only eight women were current smokers and three of these women quit smoking between their second and third blood collection. Nineteen women contributed at least one blood sample during an anovulatory menstrual cycle, identified as having a progesterone level <400 ng/dL. Among the three luteal phase samples, the time from blood draw to the first day of the woman's next menstrual cycle ranged from 3 to 11 days (mean = 7 days). The mean interval between the first and the third blood collection was 34 months (range, 24-46 months).
Whereas differences in absolute levels between the follicular and luteal phases at each blood sample were most evident for the estrogens, androgens and growth factors also differed significantly across the menstrual cycle (paired t test P < 0.05; Table 1 ). The correlations between the follicular and luteal phase levels based on the first blood sample, with the exception of free estradiol, were all statistically significant ( Table 2 ), suggesting that women tended to rank similarly between the two menstrual cycle phases. The strongest correlations were for SHBG and DHEAS (r > 0.8) and secondarily for testosterone, DHEA, IGF-I, free IGF-I, and IGFBP-3 (r > 0.6). If the mean of all three samples was used, all correlations tended to increase slightly (data not shown). The notable exceptions to this were androstenedione and IGF-I where the increase in the correlation was substantial (androstenedione, r = 0.52 to 0.79; IGF-I, r = 0.65 to 0.86).
The correlations between hormones within the follicular and luteal phases are presented in Table 3 . In the follicular phase, the androgens were positively correlated with each other whereas testosterone was also significantly correlated with estrone, SHBG, and prolactin. IGF-I was correlated with androstenedione, DHEA, and IGFBP-3. Estrone sulfate was correlated only with estrone and DHEAS. In the luteal phase, whereas prolactin was not correlated with any other hormone, the androgens were only correlated with each other. The IGFs were inversely correlated with SHBG. Estradiol was significantly correlated with estrone, progesterone, and SHBG but not with estrone sulfate.
For all women combined, we observed relatively high ICCs (>0.60) for the androgens, IGF-related factors, and, in both menstrual cycle phases, estrone sulfate (Table 4 ). Estradiol and estrone yielded ICCs of 0.38/0.45 and 0.42/0.44, respectively, in the follicular and luteal phases. The ICC for luteal progesterone was poor (0.29). Averaging the follicular and luteal phase measurements within each cycle improved the ICC for testosterone, androstenedione, IGF-I, IGFBP-3, and most dramatically for prolactin. As expected, the estrogen ICCs did not improve with averaging; however, the biological relevance of an average across the menstrual cycle is questionable given the marked differences in levels between the two cycle phases. After adjustment for age at blood draw (continuous in years), time of day of draw (continuous), fasting status of draw (>8 hours since last meal versus more recent intake), luteal day (e.g., time to start of next menstrual cycle) of draw (continuous), average exercise frequency with heavy perspiration over the past month (<1, 1, 2-3, 4-6, and >6 times per week), current body mass index (continuous kg/m 2 ), and average menstrual cycle length over the past 6 months (<21, 21-25, 26-31, 32-39, 40-50, >50 days, and irregular), the ICCs remained essentially unchanged (data not shown).
To evaluate possible sources of within-person variation in hormones where the ICCs were relatively low, we conducted several subanalyses excluding women/samples whose potential hormone level -related characteristics changed over the 3-year data collection period ( Table 5 ). ICCs remained similar data not shown), those whose body mass index changed by >1 kg/m 2 , those whose luteal collection varied by >F2 days across the three blood samples, and those who had not contributed a fasting blood sample. For example, the ICC across three blood samples for luteal-phase estradiol among all women was 0.45. After exclusion of anovulatory cycles, the ICC for luteal phase estradiol was 0.51. Similarly, after excluding women who became postmenopausal within 4 years of the final blood sample, the ICC was 0.48, or those whose body mass index changed by >1 kg/m 2 (ICC = 0.43), or those whose luteal collection day varied by >F2 days (ICC = 0.52). After exclusion of nonfasting blood samples [n = 248 samples (37%)], the follicular-phase ICC for prolactin was 0.52 whereas the luteal-phase ICC was 0.41. Similar analyses were conducted for the other hormones, and there too, results were essentially unchanged (data not shown). Additionally, in Bland-Altman analysis comparing withinperson variation as a function of the within-person means, we found that there was little evidence for an association (29) . In the cases where the association was significant, less relative variation occurred with greater intraindividual levels. For example, in the luteal phase, these included progesterone (P < 0.001), estradiol (P = 0.004), prolactin (P = 0.007), DHEAS (P = 0.007), and DHEA (P = 0.008).
Finally, we addressed how well a single sample would classify women into the appropriate quartile of exposure using the mean of the second and third samples as the ''gold standard.'' Shown in Table 6 are matrices for four of the hormones of interest that represent a range of ICCs: follicular estradiol (ICC = 0.38), follicular testosterone (ICC = 0.68), follicular SHBG (ICC = 0.83), and follicular DHEAS (ICC = 0.94). The quartiles are approximate because of a number of women with identical plasma hormone values. For estradiol, 38 of 92 (41%) were perfectly classified, 79 of 92 (86%) were off by one category or less, and just 3 values (3.3%) were misclassified into an extreme category. Percentages for testosterone were 55%, 90%, and 1.3%, respectively. For SHBG, 57% were perfectly classified, 93% were off by one category or less, and none were misclassified into an extreme category. For DHEAS, 79% were perfectly classified whereas 100% were off by one category or less. Although concordance was high, these results will tend to underestimate agreement with true long-term levels as two, rather than a large number of replicates, were used as the gold standard.
Discussion
Our study of hormone reproducibility among premenopausal women suggests that a single measure of androgens, IGFs, and estrone sulfate during either the follicular or luteal phase sufficiently quantifies circulating levels over at least a 3-year period. The average of a follicular and luteal measurement can improve this categorization, particularly for prolactin. However, the ICCs for estradiol and estrone were relatively low such that correction of calculated relative risk estimates for random within-person variation should be employed in studies of hormone/disease associations (30) . All ICC calculations were robust to potential hormone-related factors or subgroup analyses.
We observed little change in the within-woman characteristics across the 3-year blood sampling period. Only three current smokers became past smokers and only 11 women (10%) became postmenopausal in the follow-up period (through June 2003) after their final blood draw. Therefore, analyses excluding these women did not alter the observed ICCs appreciably. Even analyses taking into account weight gain-common in this study population-did not alter the ICCs. This is likely because among premenopausal women, estrogens derive primarily from the ovary, whereas among postmenopausal women, where adipose is the primary source of estrogens, an effect of weight change would be expected (31) . Table 1 for abbreviations.
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Most previous studies have measured hormone reliability over time among postmenopausal women (28, (32) (33) (34) (35) . Within the Nurses' Health Study, we observed ICCs of 0.68 and 0.74 for estradiol and estrone, 0.75 for DHEA, and 0.88 for testosterone, suggesting substantial reproducibility over a 2-to 3-year period. The ICC observed for prolactin was 0.53 and for SHBG was 0.92 (28) . Of course, among postmenopausal women, endogenous levels of steroid hormones are not fluctuating in response to the menstrual cycle. In the current study of premenopausal women, we observed similar ICCs for endogenous hormones that do not change with the postmenopausal transition, such as DHEA and DHEAS, whereas we observed quite different ICCs for hormones such as estrogens that change dramatically from premenopause to postmenopause.
Few studies have evaluated reproducibility over time among premenopausal women (11, 32, 35) . Two have reported ICCs for plasma androgens ranging from 0.60 to 0.85 over a 1-year period (32, 35) ; our ICCs over a 2-to 3-year period were similar to these. Only our previous study (n = 87 women) evaluated the ICC for both the follicular and luteal phases, reporting ICCs over a 1-year period for estradiol, estrone, estrone sulfate, and progesterone (11) . With the exception of estradiol in the luteal phase, observed ICCs in that study ranged from 0.52 to 0.71. The ICC for luteal estradiol was 0.19, which increased to 0.49 after restricting to ovulatory cycles and to 0.62 when further restricting luteal timing of the sample to 4 to 10 days. The latter analysis, however, included only 39 women. In the current study, the ICC for the intervals between years 1 and 2 and between years 2 and 3 were similar to the ICCs observed across the entire 3-year period, suggesting that this between-study difference may be due to chance. Of note, in our previous study, 30 of 174 (18%) cycles from the 87 women were anovulatory with a cut point of <300 ng/dL of progesterone, whereas here only 25 of 339 (7%) cycles from the 113 women were identified as anovulatory with a more specific cut point of <400 ng/dL, which may explain why the current results change very little when excluding anovulatory cycles.
The poor reproducibility of luteal progesterone contradicts our previous findings over a 1-year period (ICC = 0.54), despite sampling from women within the same cohort with similar personal characteristic distributions (e.g., age, body mass index). When we limited our current analyses to include only the first and second blood samples, the ICC for progesterone improved slightly to 0.38, whereas when we limited the analyses to include only the second and third blood samples, the ICC for progesterone was 0.28-neither approached the coefficient previously observed. Progesterone secretion is somewhat pulsatile (36) and exhibits a rapid and steep increase and then a decrease in the luteal phase, factors that would contribute to the observed lower reproducibility. If, as seems most likely, the difference between the ICC observed in this and in our previous study is due to chance, then a combination of the estimates is most appropriate. Regardless, it remains likely that a single measurement of progesterone is at least valid for identification of anovulation within a single menstrual cycle as, in this instance, only very low values are being identified. Whereas the absolute levels of IGF-I and IGFBP-3 were observed to be slightly greater in the luteal phase than in the follicular phase, these growth factors seem to be quite stable across the 3-year period with follicular ICCs of 0.7 and luteal ICCs of 0.8. Indeed, when IGF-I levels were averaged across the follicular and luteal phases, the ICC approached 0.9. These results are similar to a study where the ICCs for two samples collected 1 year apart in 59 women were 0.8 for IGF-I and 0.6 for IGFBP-3, although when analyses were restricted to premenopausal women, the ICC for IGF-I was 0.6 (37) . Spearman rank correlations reported from reproducibility studies conducted across shorter periods (2-8 weeks) among men and women of ages 50 to 97 years ranged from 0.92 (38) to 0.97 (39) .
For reference, cholesterol is generally accepted as measured reasonably well with a single blood sample, and the observed ICC over a 1-to 2-year period ranges from 0.65 to 0.76 (40) (41) (42) . Correlations in this range result in relatively modest decreases in the estimated relative risk, although the degree of attenuation will depend on the magnitude of the relative risk and the sample size (28) . For example, measurement error in a variable with an ICC of 0.68 will underestimate a true relative risk of 2.0 and 2.5 to 1.6 and 1.9, respectively (28) . For a variable with an ICC of 0.45 (as we observed for the estrone and estradiol in the luteal phase), these true relative risks would be lowered further to 1.4 and 1.5. Besides providing important information on the reproducibility of a variable, ICCs can be used to correct relative risk estimates for random within-person measurement error in epidemiologic studies (30) .
The follicular-phase and luteal-phase ICCs for estradiol and for estrone were similar, suggesting that measurement during neither phase is superior in this regard. Not surprisingly, averaging across the phases worsened the ICC. In addition, we calculated an ICC for each using all six sample levels, as this estimate of reliability mimics that underlying past case-control studies in premenopausal women that collected a random blood sample and did not match cases and controls on cycle day of collection. In fact, these ICCs were worse than those of the averaged values (estradiol, 0.02; estrone, 0.08). Interestingly, in both menstrual cycle phases, estrone sulfate was the most reliably measured estrogen, perhaps due to its longer half life compared with estrone and estradiol (31) . Our results suggest that estrone sulfate may be the most accurate measure of estrogen levels among premenopausal women. Interestingly, the correlation of estrone sulfate with estradiol was only 0.16 and 0.07 in the follicular and luteal phases, respectively; however, this may be due to the small sample size.
These data among premenopausal women suggest that for androgens, estrone sulfate, prolactin, and IGFs, a single blood measurement can reliably categorize average levels over at least a 3-year period in premenopausal women and is valid for use in the investigation of the relation between endogenous hormone levels and disease risk. For estradiol and estrone, where ICCs were somewhat low, it will be particularly important to use these reproducibility data to correct relative risks (e.g., when assessing plasma hormones and breast cancer risk) for measurement error. We are currently using these data to correct relative risks in our ongoing study of the relation between endogenous premenopausal hormones and growth factors and breast cancer risk.
